Numerical Study of Opposed-Flow Flame Spread over Charring Solids
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Numerical calculations were performed on thermal decomposition of charring solids undergoing opposed-flow flame spread
and the results are compared with analytical models developed by Baum and Atreya [1-2]. The objective was to understand
the effect of finite rate kinetics on the temperature and pressure inside the solid. The analytical solution, while exact, assumes
infinite kinetics, i.e. abrupt decomposition at a known pyrolysis temperature. The numerical results using finite and infinite
rate kinetics showed good agreements with the analytical model in terms of char depth and temperature distribution. For the
solution of the pressure equation, numerical results showed good agreements with analytical gas transport model from surface
to char/virgin solid interface. However, the numerical result using finite kinetics implies that pressurized region in real
situation is larger than that of infinite kinetics assumption. Numerical analysis using infinite kinetics showed pressure
fluctuation due to lack of the information of the interface shape inside a cell.

1. Introduction

The prediction of fuel gas generation from a charring solid undergoing opposed-flow flame spread is complicated because the
gas is generated in the pyrolysis zone under the char layer. Fig. 1 shows the schematic diagram of the physical problem. The
heat required for thermal decomposition must be provided by conduction through the char layer from the surface which is
heated by the flame. The fuel gas is pushed from the pyrolysis zone to the surface through void spaces in the char layer by the
pressure gradient generated inside the charring solid. In the real situation, fuel gas generation and ejection is related to many
complex chemical and physical aspects such as multiple finite reaction kinetics, change of material properties with
temperature and degree of pyrolysis, anisotropic material properties, and convective cooling of the char layer due to gas flow.
Recently, an analytical model for opposed flow flame spread over a charring solid is developed by Atreya and Baum [1]
based on simplified assumptions. Their model uses infinite rate kinetics where the virgin material pyrolyzes to char abruptly
at a specified pyrolysis temperature. The model solves for the char layer thickness and the temperature profiles in both the
char and the virgin solid. The model assumes that gases are transported from the pyrolysis zone to the surface instantly after
generation without any effect on the char layer. Pressure distribution inside the char layer and the effect on the temperature
of the char layer were not considered. Subsequently, Baum et al [2] developed an analytical model for transport of gases in
charring solid. This model solves for the gas pressure distribution based on char layer profile and temperature distribution
obtained earlier by Atreya and Baum [1]. The purpose of this study is to numerically investigate the charring behavior during
flame spread and examine the
assumptions made in the
analytical model. Until now, Y
numerical analysis has been

performed on conditions similar t—v X
to the analytical model. In the
future, realistic phenomena such Char
as multiple step finite rate V4
pyrolysis kinetics, temperature Virgin solid T~
dependent  material properties, Char/Virgin solid Interface
etc. will be added to understand : Pyrolyzing Zone

their effect on flame spread.
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Fig. 1. Schematic of the physical problem : steady propagation of an
opposed-flow diffusion flame on the surface of a charring solid

2. Energy Equation
2.1 Analytical Model

Atreya and Baum [1] developed an analytical model for energy equation in the char layer and virgin solid using parabolic
coordinates defined by the relation:

T+Hiw= i(x+iy) ©)
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Here ¥ and a, are flame spread speed (7 =0.001m/s) and the thermal diffusivity of the virgin solid. In the model,

temperature is assumed as a function only of w. For boundary conditions, no heat exchange is assumed between the
atmosphere and the solid upstream of the flame inception point (x <0,y = 0 ) and constant surface temperature is assumed in

the downstream region (x>0,y=0). At the interface, wis defined as ¢ which is obtained by solving eq. (4) below.

Temperature distributions in char and virgin solid are described in egs. (2) & (3). Material properties used in this numerical
study are from Di Blasi [3], where the reaction heat liberated at the pyrolysis temperature T, is: 0=497302.6 J/kg ;

T, =598.16K ; ambient temperature 7_ = 298.16K ; surface temperature T, =1298.16K ; specific heat capacities of virgin solid

and char C, =1400J / kg K » C. =1100J / kg K ; thermal conductivities 4 =0.209% /m K , A, =0.071W /m K ; the densities of
final char and the original virgin solid p.o =140kg/m’, p,, =700kg/m’. The value of 'c'based on these properties is found to
be: ¢=0.4619.
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2.2 Numerical Analysis

Numerical analysis has been conducted for the same conditions as the analytical model. Energy conservation equation in the
charring solid is shown below; eq. (5). ¥ =Vi is the virgin solid feeding velocity which has the same magnitude and
opposite direction as the flame spread rate. Since the thermal effect of the gas is neglected, energy equation only includes the
solid phase components; pC = p.C.+p.C.. Since the physical problem is steady state, the unsteady term on the left hand side
vanishes as time step proceeds and the steady state solution is obtained.

pc%—f +pCV o VT =V o (AVT )+ 5,0 (5)

Mass conservation of the solid phase components is determined by the convective mass flux due to the feeding velocity and
mass generation due to pyrolysis at the interface; eq. (6). Here, p and p represent the instantaneous densities of char and

virgin solid in a cell and 5 is the mass pyrolysis rate per unit volume of the virgin solid.
%m.vpv _s, (©6)

Physical domain chosen for the numerical calculations is: —0.1m < x < 0.1m, —0.01m < y < Om and 160x160 mesh was used.

Infinite Reaction Kinetics

Since the analytical model is based on infinite reaction kinetics and treats pyrolysis as discontinuous step function, numerical
analysis has been performed with the same conditions. For the cell which has the interface inside, the temperature is set to 7,

and the pyrolysis rate is determined by energy balance resulting from conduction heat transfer, convection due to the feeding
velocity and the heat of pyrolysis. For the cells inside the char layer, the entire amount of virgin solid influx from the
upstream cell is pyrolyzed.

For interface cells (p, >0, p, >0) T=T,, _ pCV eVT -V e (Z,VT) 7)

For the cells inside the char layer (p, =0, p, =p,,) S =VeVp (8)



Finite Reaction Kinetics

Using infinite reaction kinetics causes numerical
difficulties due to incorrect interface shape inside the
cell. Since the interface cell does not have the
information of this shape, the interface was regarded as
a horizontal line based on densities of the solid
components. To overcome this difficulty, finite reaction
kinetics which is an Arrhenius function of temperature
has been implemented in the numerical analysis. The
pre-exponential constant k¢ and the activation energy
E,used in this study are significantly higher than

realistic values. These values are arbitrarily chosen to
simulate infinite rate kinetics and obtain the best match

with the analytical model.
E

S, =—p, ke KT ©)
Here, k =1.0x10*, E, =288,000. / mol , universal gas
constant R =8.314J / molK .

2.3 Energy Equation Results

Calculated char/virgin solid interfaces are shown in Fig.
2. For the analytical model, char/virgin solid interface is
determined by ‘¢’ and expressed by:

[WJ =c2+2{”j (10)
a, a,

Both numerical results with infinite reaction kinetics and
finite reaction kinetics show excellent agreement with the
analytical model. Since an obvious interface does not
exit in the case of finite reaction kinetics, 50% pyrolyzed
position is regarded as the interface. However, 5% and
95% pyrolyzed positions are also plotted to show the
width of the pyrolysis zone. Even though unrealistically
large values of the pre-exponential factor and the
activation energy were used, the pyrolysis zone width is
considerable. The finite kinetics case does not have a
distinct char/virgin solid interface but shows a continuous
change of char/virgin solid composition. Nonetheless, if
real pyrolysis reactions with finite kinetics can be
simplified by infinite kinetics with proper values of the
pyrolysis temperature and reaction heat, analytical model
would be very useful in fire research because it does not
require huge computation time and resources as
numerical computation does. Temperature distribution in
the charring solid and char/virgin solid interface of the
numerical results of infinite rate kinetics and finite rate
kinetics are shown in Fig. 3 and 4. The temperature
distribution shows nearly identical profiles between the
results of both infinite and finite kinetics. The results of
this study imply that the analytical model would predict
char depth and temperature field in real situation quite
accurately as can be seen from Fig. 3 and 4. However,
proper choice of pyrolysis temperature and heat of
reaction is required for accurate prediction.
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Fig. 2 Char layer thickness in dimensionless length: (1) Analytical
model [1], (2) Numerical analysis result using infinite reaction
kinetics and (3) Numerical analysis result using finite reaction
kinetics (5%, 50% and 95% pyrolyzed)
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Fig. 3 Temperature distribution and char/virgin solid interface of
numerical results using infinite reaction kinetics
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Fig. 4 Temperature distribution and char/virgin solid interface of
numerical results using finite reaction kinetics



3. Pressure Equation

3.1 Analytical Model

An analytical model for gas transport in charring solids has been developed by Baum et. al [2] based on their precious work
[1]. This gas transport model makes the following assumptions for the gas flow and boundary conditions:

(1) The gas flow through void spaces in char follows Darcy’s law: j; = — i? P,

u(T)

(2) Surface pressure in the downstream zone (x>0, y = 0) is ambient pressure,

(3) The virgin solid is impermeable. Thus, the gas transport equation is solved only in the char layer and pressure gradient
normal to the char/virgin solid interface is zero.

The final pressure equation is: Lo’ d( il (wi)J + il (w*) dpr (w*) =0 an
do\Glo')) | [6(w )" do

Where, the non-dimensional pressure p(a)*): P, P(a)*), surface pressure P.=101300Pa , gas viscosity is a function of

* « \|n . . . ea. i
temperature ,u(a) ): u, [G(a) )] , viscosity at pyrolysis temperature ;4 =3.0x10"*kg/ms , transport parameter f=——"L,
p })SB
permeability of char B =1.0x107"’, and porosity £=0.8.
" : ndP . pfT, F ) - c
Gas transport boundary conditions are: p(w ) =g (0 =c); P0)=1 (& =0) (12)

do pT,

3.2 Numerical Analysis

The mass conservation equation for gas in the char is described by eq. (13) below. The gas flow through voids in the char is
assumed to follow Darcy’s law as in the analytical model. Gas in the void spaces is assumed as an ideal gas [eq. (14)];
therefore, the final pressure equation is derived from eqgs. (13) and (14)

Mass conservation equation for gas: 9p, —Ve|p E?p _v.(gp 17)_ 1-Pa |g (13)
ot fu ¢ Pu)
. . M
Equation of state: &, = 2 Tg P, (14)
Pressure equation: faﬁ_ﬁal_,.ﬁﬁzi Vel p Evp _v.(gp 17)_ 1=Pe | (15)
To T*o To M, fu ¢ o)

Here, the gas molecular weight is M, =0.018kg/mol - As unsteady terms vanish, steady pressure field is obtained.

In the analytical model, the solution of the energy equation is used for determining the pressure. In this numerical study,
pressure has been determined in three different ways: (1) analytical model result for temperature obtained from reference [1],
(2) numerical calculations with infinite reaction kinetics, as shown in figure 3, and (3) numerical calculations with finite
reaction kinetics, as shown in figure 4. In cases (1) and (2), an obvious char/virgin solid interface exits. However, in the case
(3), there is no distinct interface due to a continuous pyrolysis zone. For this reason, the definition of the char layer or the
pressure analysis domain has to be determined. In this study, domain for p_>1.0kg /m’is regarded as char layer which is

larger than that of (1) and (2).

3.3 Results of Pressure Calculations

As mentioned previously, three cases of numerical analysis for the pressure field have been conducted and compared with the
analytical model [2]. Pressure distributions with regards to @" are plotted in Fig. 5 from surface to the char/virgin solid
interface (0 < @’ < 0.3). Pressure contours inside char are plotted in Figures 6, 7 and 8. We note that while the contours in
figure 6 are smooth as expected, those in figure 7 fluctuate. The condition improves in figure 8 because of smooth transition
from wood to char. Thus, the pressure plot in figure 5 was obtained by averaging over 25% ~ 75% of total x-directional
length of the char layer. The pressure calculations based on the analytical temperature field is closet to the analytical pressure



solution as expected. Considerable pressure fluctuation
is observed in infinite kinetics case (figure 7). This
pressure fluctuation is caused by the fluctuations in the
gas generation rate which is clearly shown Fig. 9. In
other cases, gas generation rate shows a gradually
decaying pattern with x’. The gas generation rate is
obtained differently for each case. In case of infinite
kinetics, the gas generation rate is calculated by energy
balance or the amount of virgin solid influx. The
assumption of horizontal interface in the cell causes
variations in the gas generation rate, although the
overall average gas generation rate matches with the
other cases. For finite kinetics, the gas generation rate is
calculated by a continuous function of temperature.
Therefore it shows gradually decaying pattern. For
analytical temperature field, the gas generation rate is
obtained by the virgin solid density difference of influx
and efflux based on the known interface shape. Hence
the results are very smooth.

Since obvious char/virgin solid interface does not exit
for finite kinetics, pressure computation domain is not
obvious. In this study, pressure is computed for the
domain where char density is greater than1.0kg/ m.

Consequently, pressure computation domain for finite
kinetics case is larger than the other cases whose
domain is defined by a distinct interface. Fig. 8 shows a
larger pressure distribution domain. This is closer to the
real case where the permeability of the virgin solid does
not go to zero at the interface. Yet, the agreement
between the models is remarkable. It is also noted that
the permeability of the virgin solid is thousands times
smaller than that of char; thus, the permeability in
char/virgin solid mixed cell should be adjusted by the
degree of pyrolysis. Since all analysis performed in this
study used constant permeability of char, the pressure
results are expected to be lower than the real situation.
The effect of these factors will be investigated in the
future.

4. Conclusions and Future
Work

A numerical study was performed on thermal
degradation of charring solid undergoing opposed flow
flame spread and compared with analytical models of
references [1] & [2]. For the solution of the energy
equation, both numerical results using finite and infinite
kinetics showed good agreements with the analytical
model in terms of char depth and temperature
distribution. For the solution of the pressure equation,
numerical results showed good agreements with
analytical gas transport model from surface to
char/virgin solid interface. However, the numerical
result of finite kinetics showed that considerable area
below the interface is pressurized. The effects of several
factors such as coupling of energy and pressure

equation, permeability, convection cooling of char and multiple
finite pyrolysis kinetics will be numerically investigated and
used to evaluate the performance of the analytical model.
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Fig. 5 Pressure distribution in the char layer: pressure distribution on
@ is averaged value over 25% ~ 75% of total char layer length. (1)
Analytical models for both energy and pressure, (2) Analytical model
for energy + numerical analysis for pressure, (3) Numerical analysis
for both energy and pressure, finite reaction kinetics for energy and (4)
Numerical analysis for both energy and pressure, finite reaction
kinetics for energy; (E) and (P) mean energy equation and pressure
eanafion.
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Fig. 6 Pressure distribution of numerical results based on analytical
model for energy equation
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Fig. 7 Pressure distribution of numerical results based on infinite
reaction kinetics




Nomenclature
B permeability of char [m?]
C specific heat at constant pressure [J / kg K]
¢ charring constant defining the location of
char/virgin solid interface
E, activation energy [J / mol]
F,G non-dimensional temperature
k pre-exponential constant
M molecular weight [kg /mol]
P non-dimensional pressure
0 heat liberated or absorbed at the interface per
unit mass of virgin solid [J / kg]
R universal gas constant [J / molK]
S mass pyrolysis rate per unit volume [kg / m’ 5]
T temperature [K]
t time [s]
v flame spread speed [m/s]
X,y Cartesian coordinates [m]
Greek Symbols
o thermal diffusivity [m*/s]
Y3 transport parameter
£ porosity
A thermal conductivity [ /m K]
7 dynamic viscosity of gas [kg/m s]
P density [kg/m’]
7,0 parabolic coordinates
Subscripts
c char
c0 final state of char
v virgin solid
v0 original state of virgin solid
g gas
p pyrolysis
s surface
oo ambient condition
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Fig. 8 Pressure distribution of numerical results based on finite
reaction kinetics
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Fig. 9 Gas generation rate: (1) Analytical Model [1], (2) Numerical
analysis using infinite reaction kinetics and (3) Numerical analysis
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